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Abstract
The MAJORANA DEMONSTRATOR is an array of natural and enriched P-type point
contact germanium detectors located in the Sanford Underground Research Facility
in Lead, South Dakota. Its primary goal is to search for the neutrinoless double-beta
decay of the 76Ge isotope, which would produce an excess of events at the Q-value
of 2039 keV. Extreme measures have been taken in the DEMONSTRATOR to reduce
background in the region of interest and increase the sensitivity to this signal. Low
detector thresholds allowed the collaboration to also develop a low energy program
focused on light WIMP and axion searches. Low energy characterization of detectors
is essential for these searches. Due to a high background of events at the surface of the
Earth, low energy characterizations must typically be completed underground. This
study explores a low energy characterization technique that could be performed at the
surface of the Earth reliant on low energy Compton scattering events. A radioactive
source along with a primary and a backing detector operated in coincidence were
utilized for this technique. The results of this study qualitatively demonstrated the
generation of a population of low energy events in the primary detector, which could
be used for low energy characterizations. Overall, this study confirmed the potential
of this method to be developed to perform surface low energy characterizations.
1 Background
1.1 Neutrinoless Double-Beta Decay
Neutrinos (ν) are fundamental particles that were first theorized by Wolfgang Pauli. In 1934
they were incorporated into Enrico Fermi’s theory of beta decay as an explanation for the
observed energy spectrum of the decay [1]. The particle was not experimentally detected
until 1956 [2]. Though neutrinos have been shown to undergo flavor oscillations and to have
mass, neutrino masses and mixing are not part of the Standard Model ( [3], [4], [5]). In the
Standard Model, neutrinos are massless and do not mix. Further mysteries remain, including
the absolute mass scale of the neutrino. These unsolved questions suggest that the Standard
Model is incomplete—further motivating research of the neutrino’s properties to understand
fundamental questions about matter and the universe.
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Many properties of neutrinos are unique, such as having the lowest mass of all funda-
mental particles and being the only electrically neutral fermion [15]. Additionally, lepton
number is the single quantum number to distinguish ν and ν. Lacking a gauge symmetry
that requires lepton number conservation in neutrinos, it is possible—and even required in
some Grand Unifying Theories—that lepton number is not conserved. The violation of lep-
ton number conservation in neutrinos would enable ν and ν to be indistinguishable. The
primary goal of an extensive search effort for a process known as neutrinoless double-beta
decay (0νββ) is to investigate this possibility [15].
A related process—two neutrino double-beta decay—is allowed in the Standard Model
and observed in many isotopes [15]. This decay follows the form [6]:
N(Z,A)→ N(Z + 2, A) + 2e− + 2νe. (1)
In two neutrino double-beta decay, lepton number is conserved. Neutrinoless double-beta de-
cay is a theorized process in which two beta decays would occur without producing neutrinos.
The equation for this decay follows [7]:
N(Z,A)→ N(Z + 2, A) + 2e−. (2)
Figure 1: Possible Feynman diagrams of two neutrino double-beta decay (left) and
neutrinoless double-beta decay (right) [12].
0νββ violates lepton number conservation. Possible Feynman diagrams for two neutrino
double-beta decay and neutrinoless double-beta decay are shown in Figure 1. Observing
0νββ would prove that neutrinos are majorana particles, making neutrinos the only Standard
Model fermion to have this property [16]. The discovery of neutrinos as majorana particles
could have further implications—explaining the neutrino’s light mass [11] and providing a
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potential reason for the observable excess of matter over antimatter in the universe [10].
Beyond discovering if neutrinos are majorana particles, the half-life of 0νββ decay could
determine the absolute neutrino mass scale [11].
To observe this rare process, 0νββ experiments must achieve low backgrounds, obtain
large exposures, and identify a clear signal to detect [15]. Though colliders can study lep-
ton number violating processes that may underlie 0νββ, direct searches must be used to
determine if the neutrino is a majorana particle without model dependence [12]. Isotopes of
significant experimental interest, where neutrinoless double-beta decay is predicted to occur,
include 130Te, 136Xe, and 76Ge [15]. Experiments such as SNO+, nEXO, and the MAJORANA
DEMONSTRATOR aim to search for 0νββ in these isotopes respectively [15] [12].
If it occurs, the primary obstacle to detecting 0νββ is its rarity in nature. The current
limit on the half-life of neutrinoless double-beta decay for 76Ge is 8.0×1025 years [17]—many
magnitudes above the age of the 13× 109 year-old universe.
1.2 Bosonic Dark Matter Searches
In addition to the elusive neutrino, the nature of dark matter is another mystery of the uni-
verse. Astronomical observation of galaxies, clusters, and the Cosmic Microwave Background
radiation have led astronomers to theorize that the universe is composed of approximately
5 % matter, 27% dark matter, and 68% dark energy [19]. Measurements of the Cosmic
Microwave Background and primordial isotopic abundances require that dark matter be
non-baryonic. Dark matter must interact weakly with ordinary matter and be stable at cos-
mological timescales, though its exact composition is still unknown [18]. Well-motivated dark
matter candidates include new elementary particles: axions and weakly interacting massive
particles (WIMPs) [18]. In addition to investigating question concerning neutrinos—by the
nature of their low backgrounds and high energy resolutions at low energies—many 0νββ
experiments can search for dark matter.
Axions are dark matter candidates that also explain CP violation in the strong force [20]
[18]. Axions are a generic feature in many string theories. This relies on an extremely weak
coupling of axions to two photons—making the decay lifetime of an axion much longer than
the age of the universe [18]. However, axions-photon conversion can occur in external electric
or magnetic fields, which is the mechanism that many axion experiments utilize. ADMX is
one leading experiment directly searching for axions [18] [21].
WIMPs are a class of cold dark matter candidates in the mass range of .3 GeV to 100 TeV.
At the start of the universe, WIMPs would have been in thermal equilibrium with quarks and
leptons, but they would have decoupled over time and become non-relativistic [18] [23]. High-
energy colliders may produce WIMPs with masses on the same order as the electroweak mass
scale. In colliders, indirect detection techniques are primarily used to search for annihilation
products of dark matter [22]. These searches can be done at the colliders such as the LHC,
but are model-dependent and have so far produced no evidence of dark matter [18] [22].
By an alternative method, WIMPs could be directly detected by their scattering signal
with atomic nuclei. Leading experiments searching for WIMPs include DAMIC, CRESST,
SuperCDMS, LUX, and XENON100 [18]. Direct detections require a low energy threshold
and low radioactive background—similar to the requirement of neutrinoless double-beta
decay experiments. Therefore, some 0νββ experiments like the MAJORANA DEMONSTRATOR
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can also perform light WIMP searches.
2 The MAJORANA DEMONSTRATOR
2.1 Background
Because of its germanium detector technology, the MAJORANA DEMONSTRATOR can investigate
both neutrinoless double-beta decay and dark matter. The DEMONSTRATOR is primarily
searching for 0νββ in 76Ge, and has an additional low energy program focused on axion and
WIMP searches.
The DEMONSTRATOR is an array of natural and enriched 76Ge P-type point-contact detec-
tors located 4850 feet underground in the Sanford Underground Research Facility in Lead,
South Dakota. In 76Ge, neutrinoless double-beta decay would produce an excess of events
at the Q-value of 2039 keV [8]. This signal is shown in Figure 2.
Figure 2: Signal of nuetrinoless double-beta decay at the summed Q-value for HPGe
detectors [8].
In the DEMONSTRATOR, extreme fabrication and operation measures were taken to re-
duce background in the region of interest and increase the sensitivity of this signal. The
DEMONSTRATOR achieved an energy resolution of 2.52 ± 0.08 keV at full width half max-
imum (FWHM) at 2039 keV. This is the best resolution of any neutrinoless double-beta
decay experiment [28]. After analysis cuts, the background goal of the DEMONSTRATOR is 2.5
counts/(FWHM t yr). A background of 11.9 ± 2.0 counts/(FWHM t yr) has been reached
from current data [27]. While the DEMONSTRATOR is comprised of 44.1 kg of Ge detectors,
achievement of a low enough background is intended to justify scaling up the DEMONSTRATOR
to a tonne of germanium detectors. MAJORANA has merged with the GERDA experiment—
combining the best technology and processes from each—to form a unified tonne-scale ex-
periment called LEGEND [9].
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Figure 3: A diagram of the MAJORANA DEMONSTRATOR [8]. The array of Ge detectors is
shown surrounded by an inner and outer copper shield as well as veto panels and a poly
shield.
The MAJORANA DEMONSTRATOR uses P-Type point-contact detectors to achieve a high
energy resolution with low energy thresholds [28]. This geometry enables the use of pulse
shape analysis, which can help identify interaction types and locations within the detector.
The DEMONSTRATOR currently contains 44.1kg of 76Ge detectors with 29.7 kg of 88.1 ± .7%
enriched 76Ge crystals, and 14.4 kg of natural 76Ge crystals [28]. The geometry of the
natural and enriched detectors vary slightly. This difference is shown in Figure 4. The
natural detectors have a larger P-Type Point contact and smaller passivated surface than
the enriched detector. Especially with differences in geometry, characterization of detectors
is vital. Due to a lack of low energy sources and techniques, characterization of low energy
responses of the detector has proved to be a challenge.
Figure 4: The two types of P-type point contact detectors used in the DEMONSTRATOR.
The differences in geometry can be seen between the natural BEGe-style detectors and the
enriched ORTEC-style detectors. The figure is drawn to an approximate scale [13].
2.2 The Low Energy Program
The Germanium detectors in the MAJORANA DEMONSTRATOR have low energy thresholds of
approximately 500 eV [9]. These low thresholds have allowed the development of the low-
energy investigations using the DEMONSTRATOR. The low energy program will be able to search
for light WIMPs, solar axions, and Pauli Exclusion principle violating decays (PEPVs) [9].
In particular, the P-type point contact detectors have been shown to be useful tools for
directly detecting light WIMPs—dark matter less than 10 GeV/c2 [9]. It is predicted that
MAJORANA could improve by two orders of magnitude to the current light WIMP limit [29].
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3 Experimental Motivation
Due to its low energy program, the MAJORANA collaboration is especially interested in the
characterization of detectors at low energy for a variety of applications. Low energy char-
acterizations must generally be performed deep underground to provide sufficient shielding
from a high background of surface events. Low energy gamma sources cannot penetrate the
dead layers of the germanium crystals or the cryostat. This makes external calibrations with
low energy sources impossible. Internal activation sources are too rare and would be prob-
lematic for backgrounds in characterizations. These factors make low energy calibrations—
particularly at the surface of the Earth—difficult to perform.
This project aims to begin the development of a low energy characterization technique
that can be performed at the surface of the Earth. This method uses a radioactive source and
array of detectors to generate a population of low energy events. In addition to MAJORANA,
the LEGEND and COHERENT collaborations are also interested in detectors’ low energy
responses and could utilize a related method for their characterizations [25].
Furthermore, this study will be informative to the analysis of the MAJORANA collaboration.
Their current calibration method relies on the fundamental mechanism of low angle Compton
scattering used in this characterization technique. This project will check the validity of this
technique.
3.1 Theory of Compton Scattering
Gamma rays can interact with material due to a variety of mechanisms, and the dominant
process depends on the atomic number of the absorber and the energy of the gamma ray
[32]. Figure 5 displays this dependence. Compton scattering is the predominant interaction
mechanism in 76Ge for absorbing gamma rays on the scale of .5 MeV to 1.5 MeV. This
energy range corresponds to the gamma rays produced by the 22Na source used in this
experiment [32].
Figure 5: The dominant mechanism by which gamma rays interact with an absorber is
controlled by the atomic number of the absorber and the energy of the gamma ray. This
plot shows the dominating mechanism at varying atomic masses and energies [32]
Compton scattering occurs when an incident gamma ray is deflected by an electron in
the absorbing material and transfers energy in the process. This causes the gamma ray to
become a scattering photon, while the electron in the absorbing material is called the recoil
electron [32].
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Figure 6: In Compton scattering an incident photon interacts with an electron in an
absorber material. In this interaction, energy is transferred and the electron and scattered
photon continue traversing deflected paths. [32].
The energy transferred in Compton scattering is angle dependent, and all scattering
angles are possible. This allows for a range of energies to be exchanged in the process. From
relativistic kinematics, the energy lost by the scattered photon as a function of its scattering
angle is expressed as [34]:
E ′ =
E
1 + E
mec2
(1− cos θ) . (3)
This distribution is plotted in Figure 7. From this distribution, it is clear that small angle
Compton scatters will produce low energy deposits in the scattering material.
Figure 7: The distribution of electron recoil energy in Compton scattering as a function of
scattering angle [32].
The experimental configuration of this study is reliant on measuring low angle Compton
scattering events through the coincidence of detectors. In these coincident cases, a gamma
ray that scattered on an initial primary detector would maintain most of its energy and
continue on a slightly deflected path towards a backing detector, where it would deposit
its remaining energy. Thus, the sum of the coincident energies measured in both detectors
would equal the energy of the original incident gamma ray.
4 Experimental Set up
The experimental set up comprised of three detectors and a radioactive source as shown in
Figure 9. One detector—referred to as the ”pulse tube detector”—was a commercial Broad
Energy germanium detector (BEGe) detector from Canberra. It was mounted in a custom
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cryostat that was cooled with a pulse tube cooler. This detector was readout using custom
MAJORANA front-end electronics. BEGe 1 was a commercial BEGe detector with a resistive
feedback pre-amp. BEGe 2 was the same as BEGe 1 but with a pulse-reset pre-amp.
Primary Detector 
(BEGe 1)
Backing Detector 
(BEGe 2)
Pulse Tube Detector
22Na Low angle Compton 
Scattering
Figure 8: The experimental setup showing the placement of the detectors and the
radioactive source
The 22Na source used was 10 µCi and two years old. The decay diagram of 22Na is shown
in Figure 10.
From this source, two 511 keV photons were produced from annihilation radiation after
the positron emission of 22Na [32]. The covering on the source was assumed to be sufficient
to stop all positrons and cause this annihilation radiation. Additionally, 22Na produces a
1274.5 keV gamma ray. The 511 keV and 1274.5 keV gamma rays acted as the signal for
this technique.
In this setup, BEGe 1 was the primary detector to be characterized, and BEGe 2 acted
as a backing detector. Signal gamma rays produced from the 22Na source would first hit
the primary detector, scatter a small angle via Compton scattering, and then be absorbed
by the backing detector. Due to this mechanism, the coincidence events of the primary and
backing detectors were expected to produce a signal of events whose energies summed to 511
keV and 1274.5 keV.
If the background was too high to observe this signal, the pulse tube detector could be
used as another coincidence to observe the 511 keV line. Annihilation radiation emits two
511 keV gamma rays in opposite directions. Thus, when a 511 keV gamma ray is absorbed
by the primary detector, in principle, another 511 keV event would also be observed in the
pulse tube detector. By searching for events where a 511 keV signal was recorded in the
pulse tube detector simultaneously to events in both the primary and backing detectors, the
background would be significantly reduced. However, this method of a triple coincidence
would also reduce the rate of events.
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Pulse Tube Detector
Primary Detector
Backing Detector
Source
Figure 9: A picture of the experimental set up at North Carolina State University.
5 Data Acquisition System
The data acquisition system (DAQ) was managed by the Object-Oriented Real-time Control
and Acquisition software package (ORCA). The Struck Innovative System 3302 (SIS3302)
Card was used to record data. A schematic of the setup is shown in Figure 11.
SIS3302 was last used for the MAJORANA Low-background Broad Energy Germanium De-
tector at KURF [35]. The card is an eight-channel 16-bit 100-MHz digitizer, which connects
to a VME backplane [35]. S1S3302 self-triggers from the onboard trapezoidal filter. Being
performed unshielded and above ground, this experiment had a large amount of low energy
noise. To reduce the amount of data being collected due to low energy noise, the trigger was
set near 150 keV for the backing detector. This setting was low enough to allow the 511 keV
coincidence to be seen, while allowing the data set to be a reasonable size for storage and
processing. One of the trigger settings used are shown in Figure 13.
5.1 Data Description
Data was collected for 120, ten minute runs, where each run recorded around 4 GB of data.
A run consisted of digitized detector waveforms in addition to information such as time,
onboard energy, and channel number. A new run began automatically until stopped by the
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Figure 10: The decay scheme of 22Na [36].
VME Crate
DAQ Computer with ORCA
SBC SIS3302
Chan 0
Chan 1
Chan 0
Pulse Tube 
Detector
BEGe 1
BEGe 2
Figure 11: Diagram of the DAQ System.
user during data collection.
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Figure 12: Picture of the DAQ System.
Figure 13: ORCA trigger settings used for the DAQ.
5.2 Built Data
Raw digitized waveforms were saved in ORCA as XML files. An event builder, MAJORANA-
ORCAROOT, processed this data to reconstruct the waveforms. In this reconstruction,
signals from multiple channels produced within the same 10 ns time interval were grouped
into one event. This is referred to as built data and was stored in ROOT files [31].
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5.3 Energy Calculation
A trapezoidal filter was used to calculate the energy of the signal in this experiment. This
algorithm converted the ADC pulse of a signal to a trapezoid to calculate the energy, where
the plateau height of the converted trapezoid was proportional to the amplitude of the
original pulse. For this conversion, the plateau length of the original pulse along with the
decay time—τ factor—had to be known [33]. These parameters were determined for each
channel based on a sample of pulses recorded onboard in ORCA. This method was used
because averaging techniques such as a trapezoid filter remove high-frequency noise and
improve resolution [33].
5.4 Energy Calibration
The energy of each channel was calibrated using the 511 keV and 1274 keV peak of 22Na for
each channel. The calibrated energy spectrum of the primary and the backing detector are
shown in Figures 14 and 15. A linear approximation was used to make these calibrations for
each channel.
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Figure 14: The calibrated energy spectrum for the primary detector. Peaks corresponding
to the 511 keV and 1274 keV events are clearly seen.
12
h1d
Entries  6610089
Mean    391.8
Std Dev     297.1
200 400 600 800 1000 1200 1400 1600 1800 2000
Energy [keV]
1
10
210
310
410
510
Co
un
ts
Calibrated Energy of the Backing Detector
Figure 15: The calibrated energy spectrum for the backing detector. Peaks corresponding
to the 511 keV and 1274 keV events are clearly seen.
6 Analysis and results
6.1 Anticipated Signal
The anticipated signals of this experiment were two lines with slopes of negative one and
y-intercepts of 511 keV and 1274 keV when plotting the energy of coincident events be-
tween the primary and backing detectors. Observing these coincidences would demonstrate
the viability of this characterization technique based on low angle Compton scattering and
recommend further development of this characterization technique.
6.2 Results
A plot of coincidence energy between the primary and backing detectors is shown in Figure
16. This graph shows the anticipated coincidence line corresponding to the 1274 keV decay
and scattering event. A zoomed in plot shown in Figure 17 clearly displays the expected
coincidence line corresponding to the 511 keV gamma decay.
Figure 18 is a zoomed in version of Figure 16, which shows the population of low energy
events in the primary detector produced from the small angle Compton scatter of a 511 keV
gamma ray. Figure 19 displays this population for the 1274 keV gamma ray. These figures
qualitatively demonstrate that this technique produces a sample of low energy events in the
primary detector that could be used for low energy characterizations.
Figure 20 displays the distribution of summed energies between the primary and the
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Figure 16: The energy of coincident events between the primary and backing detectors.
Lines corresponding to the 511 keV and 1274 keV are clearly displayed
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Figure 17: A closer view of Figure 16. The coincident line corresponding to the 511 keV
annihilation radiation is seen.
backing detector for all coincident events. Peaks corresponding to the 511 keV and 1274 keV
events are visible.
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Figure 18: The population of low energy events in the primary detector produced by the
small angle Compton scattering of 511 keV gamma rays
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Figure 19: The population of low energy events in the primary detector produced by the
small angle Compton scattering of 1274 keV gamma rays
Both coincident lines were identifiable without considering events from the pulse tube de-
tector. While the pulse tube detector would reduce background, it also significantly reduced
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Figure 20: A histogram of the summed energy of coincident events between primary and
backing detector. The peaks from the 511 keV and 1274 keV events are visible.
the signal rate. Incorporating data from the pulse tube detector would require a longer ex-
posure time to produce a reasonable coincidence between the primary and backing detector.
The discovery that a third detector is likely unnecessary is a further promising result for the
technique.
7 Conclusion
This study aimed to investigate the technique of using a radioactive source along with the
coincidence of a primary and a backing detector for low energy characterizations at the
surface of the Earth. This method was designed to measures low angle Compton scattering
events, where a small amount of energy would be deposited in the primary detector. In this
particular set up, a 511 keV and a 1274 keV gamma ray were predicted to be observable
using a 22Na source. In coincident events between the primary and backing detectors, these
signals were seen. The identification of the expected signals successfully demonstrated the
technique used to make calibrations by MAJORANA. Further, the results displayed that this
method generates a sample of low energy events that could be used for surface low energy
characterizations. Determining the threshold of detectors is one application where a low
energy sample could be used.
This technique was demonstrated as feasible qualitatively. One of the next steps of this
method is to quantify these result and better understand the generated population of low
energy events.
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It was initially proposed that a third or fourth coincidence detector would be necessary
to reduce the background in this configuration. The pulse tube detector was included in
this study to provide a third coincidence. However, this investigation found that a sample
of low energy events could be generated with a primary and backing detector without the
use of any additional coincident detectors. Each additional detector would decrease the rate
of events, so the discovery that additional coincidences are unneeded is advantageous to this
technique.
Additional future modifications to this procedure could including placing the source in
multiple different positions and adding physical shielding. By changing the location of the
source, this method could be used to scan the germanium detectors uniformly. Installing
shielding such as lead blocks around the set up may significantly reduce the background.
These modifications could lead to further development of a broader approach for low energy
surface characterization of high purity germanium detectors.
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